Slow strain rate tensile (SSRT) tests were conducted on conventional and tapered samples manufactured from forged Type 304L stainless steel to assess the stress corrosion cracking (SCC) behaviour in simulated PWR primary water. Several testing and microstructural parameters were investigated in order to explore the conditions under which crack initiation might occur. Surface preparation appeared to play a very important role on SCC initiation whereby the machined surfaces were the least susceptible to SCC initiation whilst oxide polishing suspension (OPS) polished surfaces were more susceptible. On the machined surfaces the cracks were always transgranular (TG) in nature and associated with the machining marks. Conversely, on fine polished surfaces with oxide polishing suspension the crack morphology was mainly intergranular in nature, although minor transgranular cracking was observed. The regions in the proximity of the -ferrite/austenite interface were shown to be very susceptible to SCC initiation especially on the OPS polished surfaces and this was attributed to the strain localization upon dynamic deformation. Furthermore, intragranular inclusions appeared to dissolve and act as initiation sites for transgranular cracking to occur. The roles of strain rate, dynamic deformation and microstructure on the initiation of SCC are also discussed.
Introduction
Austenitic stainless steels, such as Types 304 and 316, have been widely used in the core internals and auxiliary circuits of the pressurized water reactors (PWR) [1] [2] [3] . Despite the very good corrosion resistance in aqueous environment, these materials can suffer from environmentally-assisted degradation problems during the very long exposure to high temperature water, especially in poorly refreshed regions where the water chemistry deviates from the nominal conditions. However, in the last decade, a number cases of intergranular SCC have been also identified in the cold-worked areas of the non-sensitized austenitic stainless steel components of both French and Japanese PWR power plants [1, [4] [5] [6] .
SCC is characterized by a long incubation time prior to the early stage of slow propagation and followed by relatively fast propagation [7, 8] . Based on the SCC statistics identified in the French PWRs by Couvant et al.
[1], most of the cases were identified after a period of at least of 50000 hours. Literature results also indicate that the water chemistry [9] [10] [11] , testing temperature [12] , degree and paths of pre-strain [9, 10, 13, 14] and surface finish [15] [16] [17] and heat treatment are the main factors that influence SCC.
Furthermore, when austenitic stainless steels are exposed to high temperature water, a double layer structured oxide layer forms, which consists of a fine grained, compact, and chromium-rich inner oxide layer and a non-uniform, coarse grained and iron-rich outer layer. Result of Kruska et al. and Lozano-Perez suggest that the oxidation which preferentially occurs along the grain boundaries and slip bands could be one of the possible reasons for the occurrence of SCC. Results of Cisse et al. [2] , Miura et al. [18] and Yonezawa et al. indicate that the deformation in the surface introduced during component manufacturing enhances the elemental diffusion and influences the oxidation and SCC initiation. Recent analysis on components removed from boiling water reactor also highlighted the importance of deformation of the surface and the feature of the surface to SCC initiation [18, 19] . The surface defects originated from manufacturing can also act as a location where crack initiation pre-cursor can occur also because the local concentration of aggressive ion formation is promoted by oxygen in BWRs or by heat flux in PWRs (e.g. in the pressurizer) [20] .
Despite the large research effort, SCC initiation of austenitic stainless steels in PWR water environment is still relatively poorly understood. Therefore, the aim of the current paper is to present some of the results from an ongoing collaborative project with AMEC Foster Wheeler and the University of Oxford which is aimed at improving understanding of the conditions under which crack initiation and subsequent development of stress corrosion cracks in stainless steels in PWR primary coolant might be possible. The effect of plastic deformation, strain rate, surface preparation and microstructure on SCC initiation of 304 SS are reported and discussed.
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Experimental details
Material
The material used for this work is a type 304 L austenitic stainless steel whose composition is reported in Table 1 . The low nickel content of the material appears to be slightly out of specification and is likely contributing to the high ferrite content that was identified in the alloy. The material was a 65mm thick plate which received a solution annealing treatment in the temperature range 1050-1100 °C by the manufacturing company. Subsequently, the material was forged to a 20% reduction in the temperature window 360-170°C to simulate the heat shrinkage that can occur in the heat affected zone of a weld. The same material was also used for the work reported in two other papers presented in this conference [21, 22] . 
Sample geometry and surface preparation
Two different tensile sample geometries were used: i) conventional geometry, and ii) a tapered gauge section, both of which are shown in Figure 1 below. The conventional samples were 1 mm thick with a 12 mm long and 3.5 mm wide gauge length. The tapered sample was 2.5 mm thick and its gauge length was also 12 mm long but varied in width between 4 mm to 6 mm. All samples were fabricated using electric discharge machining (EDM was removed by grinding all the sides of the sample using a 400 grit silicon carbide paper. A total of three surface finishes were investigated, namely i) machining using industrial standard practice, ii) grinding with 600 grit finish and iii) fine polishing to create a reference well-controlled and strain-free surface [23] .
The machined samples were tested to investigate plant-relevant surface conditions. The surfaces were machined with a cutting speed Vc= 178 m/min, cutting depth ap = 2.75 mm and feed speed per tooth Fz= 0.1mm/tooth. Afterwards the SSRT sample was extracted using EDM and the specimen surface opposite to the machined surface received and oxide polishing suspension (OPS) finish as reported above for the other samples.
The sample with a 600 grit silicon carbide paper finish was prepared such that the grinding marks were parallel to the loading direction to allow for observation of cracks. The opposite side of the tensile specimen was progressively ground with 600, 800, 1200, 2400 and 4000 grit silicon carbide paper. A 3 µm and 1 µm water based polishing suspension were then used before finishing the surface for a minimum of 30 minutes with a 60 nm OPS.
SCC testing
In order to investigate the SCC initiation susceptibility of forged 304L stainless steel, slow strain rate tensile (SSRT) test technique was employed in simulated PWR primary water environment to accelerate the crack initiation in these materials. The tests were conducted in a refreshed autoclave loop at 300°C in ultrahigh purity water containing 2 ppm of Li (added as LiOH), 3 ppm of dissolved H2 and less than 2 ppb of O2. The samples were strained at a rate of 10 -6 s -1 until the load had approached 80% of the yield strength of the samples, thereafter the strain rate was reduced to the desired value until the samples were plastically deformed by 5%. Three different strain rates were used, which ranged from 1x10 -7 1/s, 2.5x10 -8 1/s and 1x10 -8 1/s. After the test, surfaces of the samples were firstly plan view examined and then the samples were longitudinally sectioned and examined.
Microstructural characterization
Microstructural characterisation of the as-received and the post-test specimens was performed using a Zeiss Ultra 55 field emission gun (FEG) scanning electron microscope equipped with an Oxford Instruments Si(Li) EDX spectrometer, EBSD detector and INCA analysis system, and a Zeiss Sigma FEG-SEM equipped with an Oxford Instruments X-max 150 Silicon Drift Detector (SDD) and an EBSD detector with the AZTEC analysis system. Both secondary electron (SE) and backscattered electron (BSE) imaging modes were used to assess the microstructure and extent of cracking in the post-test specimens. EBSD analyses were performed on specimens that had been metallographically prepared with an OPS final polish.
For evaluation of crack depths, cross-section specimens were prepared from the as-tested tensile specimens. Specimens were initially sectioned longitudinally using a Struers Accutom, mounted in conductive resin, ground and polished to a final OPS finish.
Results

Baseline materials characterization
The material was contained a nominal -ferrite content of about 1.8%. However, upon examination it was noted that the microstructure was not homogeneous and several bands, which were several hundred microns in extent, were located near in the centre of the forging. Examination of this region indicated that no δ-ferrite was present and this was confirmed by EBSD analysis Figure 2b . Furthermore, whilst the grain size in the δ-ferrite containing matrix was approximately 35 µm, a coarser grain structure was observed in the band with no δ-ferrite ( Figure 2a ). SEM-EDX microanalysis of the bands that contained no δ-ferrite were enriched in Ni and Mn [22] , which would promote the austenite phase stability. Furthermore, in these δ-ferrite free bands an increased proportion of inclusions was observed. A Secondary Electron (SE) image of a typical inclusion, which fractured during the material processing, is shown in Figure 2c . Inclusions were not single phase, but rather an agglomeration of Al-rich oxides, MnS and Ti-rich inclusions. Detailed characterization of these bands and of the inclusions is reported in another paper presented at this conference by the present authors [21] .
Figure 2 Baseline material characterization of the 304L forged used in this study. a) Euler colour map the grains present in both the typical microstructure. b) Phase map showing a segregation band which did not contain δ ferrite. c) Forward scatter detector electron image of an inclusion that possibly fractured during the material processing.
Effect of inclusions on oxidation and cracking
For SSRT tests that were conducted at a strain rate 1x10 -8 s -1 to a plastic deformation 3%, the observed extent of cracking was relatively limited. SEM observation of the sample on the OPS surface indicated the presence of intragranular features that acted as initiation sites for transgranular (TG) cracking (Figure 3 left). It is likely that these intragranular features are associated with the dissolution of second phase inclusions [21] and the anodic activity cathodically protected the surrounded region which clearly underwent less oxidation (crystallite free regions).
An interesting feature noted at low magnification evaluation of the 600 grit surface was the presence of a banded structure formed in the oxide normal to the loading direction, in the central region of the sample (Figure 3 right). The bands are not associated with the presence of δ-ferrite, since these bands are an order of magnitude larger than δ-ferrite shown in Figure 2 . Also, detailed microstructural characterization of the same material [21] showed that the δ-ferrite oxidizes in a distinctly different manner to the austenite and forms a thinner oxide with few outer crystallites. However, from the images shown in Figure 3 right it is apparent that these bands underwent heavier oxidation (brighter bands pointed by the arrows in the main image) than the rest of the matrix.
Furthermore, these bands contained several features consistent with TG cracks, and were possibly associated with the dissolution of second phases. Like the observations of the OPS-prepared surface, these intragranular crack mouths had a region of low density oxide surrounding. 
Figure 3 (a) SE images of an apparent "transgranular crack". It is possible that this feature was associated with the dissolution of a second phase/inclusion. (b) The oxidized 600 grit surface during SSRT showing a large scale banded structure (d) and within these bands several dissolved inclusions initiated TG cracking (c,e). The sample plastically deformed by 3%, at a strain rate of 1x10 -8 s -1 at 300°C in 3 ppm dissolved hydrogen and 2 ppm of Li.
Effect of strain and strain rate on the SCC initiation: Tapered Specimens
A tapered sample with surfaces that were OPS polished prior to exposure was tested in the standard water chemistry (300°C, 30 cc/kg H2 and 2ppm of Li as LiOH) and was strained for 650 h at constant extension rate that for a 12 mm parallel gauge length, would have been equivalent to 2 x 10 -8 s -1
. Post-test dimensional measurements revealed that this sample had been elongated 350 µm. The advantage of using a tapered sample is that it is a multivariate experiment in which not only the strain but also the strain rate varies over the gauge length. Specifically, the strain and the strain rate are the highest in the smallest cross-section region and they decrease as the cross sectional area increases. The strain and strain rate distribution over the gauge length were calculated with an Excel macro using an idealized linearly elastic/linearly plastic constitutive law that best fit the tensile data at the test temperature. The results of this analysis are shown in Figure 4 . As expected, the proportion of cracks was observed to decrease over the gauge area from the smallest section (highest strain and strain rate) to the largest section. Extensive cracking was present within the first two mm of the tapered gauge length, as reported in Figure 5 . However, some isolated cracks were also detected up to 6 mm away from the narrowed part of the tapered gauge region. Moreover, the crack morphology was predominantly intergranular (IG), although some transgranular (TG) cracks were observed. Based on the strain and strain rate distribution in cracking behavior shown in Figure 5 , it is predicted that the region that exhibited extensive cracking was strained between 9 and 14% at strain rate between be 4×10 -8 and 6×10 -8 1/s. Cracks up to ~6 mm away from the narrowest point of the tapered sample were in a region corresponding to a strain less than 2% and a strain rate ~10 -8 s -1
. Note that it is most likely that the controlling parameter is the plastic strain rather than the strain rate. In fact, it is expected that reducing the strain rate would increase the environmental interactions and so more SCC would be expected at lower strain rates [24] . A second tapered sample with one OPS-polished surface and one 600 grit surface was tested in similar condition but an equivalent strain rate of 10 -7 s -1 and thus 5x faster than the previous sample. The purpose of this test was to identify the effect of strain rate on the SCC initiation susceptibility. Note that whilst Figure  4 was obtained for the sample strained at the strain of 2x10 -8 s -1
, an identical curve would be expected for a sample strained to the same level at higher strain rate of 10 -7 s -1
. However, the predicted strain rates over the gauge length would be 5 times higher.
Post-test dimensional check revealed that this sample was strained by 400 µm. This sample tested at a faster strain rate sample showed more cracks, larger total crack length and average crack width than slower strain rate sample. An example of the cracking seen in the narrowest section is reported in Figure 6 . However, it is important to bear in mind that this sample was plastically strained 50 µm more and that this strain is mostly localized in the smallest gauge section area and contributing to about 1% higher plastic deformation. Furthermore, the effects of surface preparation (OPS vs 600) appeared to play an important role as shown in Figure 7 . Further results comparing the effect of surface preparation on oxide development have been reported by the present authors in a separate paper presented in this conference [21] . Overall, and irrespective of the strain rate, cracks were found to be mainly intergranular in nature for the OPS surface with some transgranular cracking present too (Figure 8 left) . Furthermore the -ferrite/austenite interface were shown to be very susceptible to SCC initiation, both for the OPS and the 600 grit surfaces (Figure 8 ). 
Effect of machining
To examine the effect of machining on SCC, a chain of 5 samples with nominally the same dimensions but different surface machining parameters were tested under SSRT conditions. However, during the test only one sample failed whilst the others did not. Post-test examination of the samples showed that deformation was negligible for the non-failed 4 samples. It is therefore reasonable to assume that this failed sample experienced a strain rate 5x higher than the nominal 2x10 -8 s , (or higher in the necked region). In hindsight, it is not surprising that one sample failed whilst the other were almost unstrained. In fact, 20% forged 304 has limited residual plasticity and relatively low work hardening (as typical for highly worked material). Consequently, if one sample starts yielding before the other (e.g. due to scatter in mechanical properties), this sample will be the weakest link and undergo preferential deformation. Further analyses were thus conducted on samples strained individually.
SEM characterisation was performed on the machined and OPS surfaces of the failed sample in the areas close to the necked region and along the gauge section where the deformation was more homogeneous. The results are shown in Figure 9 . As expected, the crack density was greater in the necked region for both surface treatments as this region experienced a larger strain. On the machined surface the cracks were always TG in nature and associated with the machining marks, whilst away from the necked region little or no cracking was visible (Figure 9a ). The morphology of the cracks in the necked region and the absence of cracks elsewhere were confirmed by microstructural evaluations of polished cross-section specimens presented in Figure 10 a-b. In contrast to the machined surface, the cracks observed on the OPS polished surface were IG in nature and always perpendicular to the loading direction (Figure 9 b) . Furthermore, some cracks were also visible in the cross-section sample further away from the highly strained region (Figure 10  c-d) . A difference in the crack depth was observed between the two surface finishes, with crack depths of ~3 m and 60 m in the necked region of the machined surface (with no cracks away from this region) whereas the OPS polished surface exhibited crack depths ranging from 18 m to 95m. Overall, these results suggest that machining increased the SCC initiation resistance of the forged stainless steel. 
Figure 10 BSE images obtained from the cross-section of the failed sample: (a)-(b) the machined surface, and (c)-(d) the OPS polished surface. TG cracks were visible on the machined surface in the necked region (b) whilst no cracks were observed in the gauge length away from the necked region (a). Conversely, on the OPS surface, the cracks extended beyond the necked region (c) and the cracks were predominantly IG. The cracks in the necked region (d) appeared to initiate intergranularly and to transition to transgranular most
likely due to the higher localized strain in the latter stages of the test before failure occurred.
Effect of carbon contamination on oxidation and crack initiation
A tapered OPS-polished sample was characterized by EBSD over a relatively small area 100x100 µm 2 prior to the slower strain rate test. Inadvertently, prolonged scanning by the electron beam over the region resulted in a carbon (C) contamination deposit on the specimen surface. The sample was subsequently cleaned and degreased with methanol. Post-test SEM characterisation revealed that this C-contaminated region was more heavily oxidized than the rest of the sample. Furthermore, whilst the sample exhibited significant intergranular cracking, the IG cracks did not appear to extend into the contaminated region and no evidence of SCC was found in this area (Figure 11 ). To assess whether the thicker oxide masked any evidence of SCC, serial sectioning using FIB (not reported in this paper for brevity) confirmed that the IG cracks did not propagate into the C-contaminated area.
In order to understand the reason for the effect of a C "layer" on SCC and oxidation, a coupon was polished with an OPS finish and plasma-cleaned to remove hydrocarbon contamination. The sample was then partially masked with a sheet of paper and C-coated using a conventional coater normally used for thin-film deposition. The nominal thickness of the carbon deposition was 20 nm. The sample was then oxidized for  300 h under identical environmental conditions to those for the SSRT experiments. Figure 12 (a) shows an SEM image taken at the interface between plasma cleaned surface and C coated region clearly shows a different oxidation behavior between the two surfaces (Figure 12 a) . FIB cross sectional examinations confirmed the plan view examinations showing that on the C coated region a significantly thicker inner oxide was present as well as a denser outer oxide than for the plasma cleaned surface. . 
IGSCC visible, however several cracks did not appear to extend into EBSD mapped (C-contaminated) area (outlined with a dotted red line).
Discussion
In the present work accelerated SCC initiation behaviour was assessed using SSRT tests. Whilst it is recognised that the imposition of dynamic plastic straining is severe in the context of operating PWR plant, one of the immediate advantages is that the duration of the test is very short. Furthermore, recent work by Ritter et al. [26, 27] [28] provided more evidence that SSRT can be used as an acceleration methodology to obtain results that are relevant to primary water SCC in nuclear power plant.
IG and TG cracks that were associated with SCC occurred on all the SSRT samples tested, even on those samples that were tested at a relatively high strain rates. For instance, in the tapered sample extensive evidence of IGSCC was observed in the smallest section area of gauge section where the effective strain rate over the course of the experiment was predicted to be ~3x10 -7 s -1
. IGSCC also initiated on the OPS polished surfaces of one sample that eventually failed during the SSRT. In the necked region (i.e. where the strain is highest) SCC initiated intergranularly, and eventually transitioned to a transgranular morphology as the crack extended into the bulk of the sample. Results from tapered samples showed that cracks were observed in locations that were plastically strained by at least 2%. This threshold value for SCC is not, however, a universal value since it is expected that this threshold value would decrease at lower strain rates [26, 27] .
Crack initiation was also significantly promoted by the presence of the -ferrite phase. From a plasticity point of view, and given that -ferrite is body centered cubic whereas austenite is face centered cubic, it is not surprising that upon dynamic straining these interfaces undergo localized deformation. However, more work is required to understand whether, in the absence of dynamic straining (e.g. constant load and under more plant relevant conditions), these interfaces are also prominent sites for SCC initiation. SCC initiation was not always IG in nature but, depending on the surface preparation, it was also TG. This was the case for deformed surfaces (in particular for machined ones) and when surface breaking intermetallic inclusions were present.
The material used in this investigation was not homogeneous, and exhibited meso-scale segregation bands. Such bands, which have been reported to be δ-ferrite free due to the locally elevated Mn and Ni content [21, 22] also had an increased density of complex multiphase inclusions that appeared to react during the test. These complex inclusions appeared to be capable of initiating intragranular defects. However, since they were mainly distributed intragranularly, none of the IGSCC appeared to directly initiate from with these inclusions. Nonetheless, it cannot be excluded that these intragranular defects can eventually propagate into more mature cracks. In fact, in the case of machined surfaces, the observed cracks always initiated transgranularly (i.e. in the machining marks) but eventually transitioned into intergranular cracks once a critical crack depth was reached [25] .
In this work three different surface finishes (OPS finish, 600 grit and machining) were investigated and it was shown that the surface finish plays a major role on SCC initiation. A possibly counterintuitive finding was that the machined surfaces appeared to be the most resistant to SCC initiation for deformed (forged) Type 304 SS whilst the OPS surface finish was the most susceptible. These findings would thus suggest that higher surface deformation might be beneficial on the SCC initiation susceptibility. The deformed layer can have a higher diffusion of Cr to the surface which promotes a more continuous external oxide [29] . However, whilst this explanation is applicable for Ni base alloys such as Alloy 600 which are very susceptible to internal and intergranular oxidation [30] , the oxide formed on austenitic stainless steel is significantly more homogeneous [31, 32] . A more likely explanation for the improved SCC initiation resistance of machined surface is that IG initiation is suppressed. In fact, the morphology of the observed cracks in the machined samples was always transgranular and associated with the machining marks, which can act as stress concentrators. Another reason for the greater propensity of TG cracking in deformed surfaces is related to the presence of an outer ultrafine-grained layer [25] . This layer, which forms following a complex thermomechanical processing during machining, has a greater proportion of grain boundaries that increase the diffusivity of the alloying elements, increases the oxidation rate of the outer layer [25] and prevents the localization of oxide formation over grain boundaries.  An improved SCC initiation resistance was also noted for C-contaminated surfaces prior to the test. Carbon in solution could inhibit grain boundary sliding and cavitation while suppressing intergranular cracking during constant extension rate testing [34] . However, from the results shown in the present paper, C also appears to enhance the formation of a thicker oxide (both inner and outer layer). Consequently, in the context of the precursor of SCC, the beneficial effect of C appears to be associated with the formation of a thicker oxide through which corrosion progresses faster than the development of localized mechanical deformation events before they can develop into cracks.
Overall, the effect of second phases, microstructure, surface finish and C contamination on oxidation and SCC initiation under SSRT was shown. Further testing under more plant relevant loading conditions should be conducted to validate the above finding.
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Conclusions In the present work, accelerated SCC initiation tests were performed using SSRT tests on parallel gauge and tapered samples, where these latter were employed for multivariate experiments where both the strain and the strain rate varied over the gauge area. The results of the work can be summarized as follows:
 In all the tests conducted type 304 stainless steel appeared to be very susceptible to IG SCC. The threshold strain for crack initiation for the current test conditions was around 2% and cracking propensity increased with strain, although the cracking behavior did not show a strong dependence with the strain rate.
 Surface preparation appeared to play a very important role in SCC initiation behavior whereby the machined surfaces were the least susceptible. The OPS polished surfaces were the most susceptible and 600 grit exhibited an intermediate behaviour.
 The crack morphology was mainly intergranular, although limited transgranular cracks were observed. The -ferrite/austenite interfaces were shown to be very susceptible to SCC initiation for the OPS and the 600 grit surfaces. Furthermore, intragranular inclusions appeared to "dissolve" and act as initiation sites for transgranular cracking to occur.
 For the machined surfaces, the cracks were always TG in nature and associated with the machining marks. However, the test results revealed that these TG cracks can eventually transition into IG SCC once a critical depth is reached.
 It was shown that surface C contamination appears to mitigate SCC initiation by enhancing surface oxidation.
As a concluding remark, it is important to point out that more work is required to understand whether the above findings are also valid in the absence of dynamic straining (e.g. constant load and under more plant relevant conditions).
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